The use of microcantilevers in rheological measurements of gases and liquids is demonstrated. Densities and viscosities of both gases and liquids, which can range over several orders of magnitude, are measured simultaneously using a single microcantilever. The microcantilever technique probes only minute volumes of fluid ͑ Ͻ 1 nL͒, and enables in situ and rapid rheological measurements. This is in direct contrast to established methods, such as ''cone and plate'' and Couette rheometry, which are restricted to measurements of liquid viscosity, require large sample volumes, and are incapable of in situ measurements. The proposed technique also overcomes the restrictions of previous measurements that use microcantilevers, which are limited to liquid viscosity only, and require independent measurement of the liquid density. The technique presented here only requires knowledge of the cantilever geometry, its resonant frequency in vacuum, and its linear mass density. A simple yet robust calibration procedure is described to determine the latter two parameters, from a single measurement of the resonant frequency and quality factor of the cantilever in a reference fluid ͑such as air͒, if these parameters are unknown.
I. INTRODUCTION
Since the invention of the atomic force microscope ͑AFM͒, there has been extensive exploration of the force measurement and sensor applications of the instrument. In the latter class, AFM microcantilevers have been used as sensors for gas detection, mass measurement, temperature measurement, spectroscopy, and calorimetry, to name just a few; the reader is referred to Berger et al. ͑1997͒ for a detailed review.
One application that has received attention recently is the use of AFM microcantilevers in rheological measurements on fluids ͓Oden et al. ͑1996͒; Bergaud and Nicu ͑2000͒; Ahmed et al. ͑2001͔͒ . By measuring the frequency response of a microcantilever immersed in a fluid, information regarding the rheological properties of the fluid, in principle, can be determined. However, this application is predicated on the frequency response of the microcantilever being sensitive to the rheological properties of the fluid under consideration. It is well known that the frequency responses of cantilevers of macroscopic size, say, 1 m in length, are insensitive to the viscosities of the fluids in which they are immersed ͓Lindholm et al. ͑1965͒; Fu and Price ͑1987͔͒. In contrast, for AFM microcantilevers, which are approximately 100 m in length, fluid viscosity can significantly affect their frequency response. This property has permitted the use of microcantilevers as small-scale viscometers ͓Oden et al. ͑1996͒; Bergaud and Nicu ͑2000͒; Ahmed et al. ͑2001͔͒ . However, this previous rheological application of microcantilevers is restricted to the measurement of liquid viscosity only, with density and the properties of gases being outside the realm of its applicability. In addition, a priori and independent measurement or knowledge of the liquid density is required, which in turn further restricts the utility of the microcantilever technique.
In this paper, we demonstrate for the first time that the frequency response of microcantilevers can be used to measure the density and viscosity of both gases and liquids. This is achieved by employing the theoretical model of Sader ͑1998͒ for the frequency response of AFM cantilevers immersed in viscous fluids. We emphasize that, unlike previous works that use microcantilevers, this application is not restricted to the viscosity of liquids, and does not require a priori knowledge of the density of the fluid. Using a single microcantilever, the density and viscosity of both gases and liquids are measured simultaneously. Importantly, this application also permits in situ measurements and only probes minute fluid volumes ͑ Ͻ 1 nL͒. In contrast, established rheological techniques such as ''cone and plate'' and Couette rheometry ͓Bird et al. ͑1960͔͒ measure the viscosity of liquids only, require comparatively large sample volumes, and are incapable of in situ measurements.
To illustrate the utility of microcantilever rheometry, we present detailed measurements on a range of different gases and liquids. The measured densities and viscosities are compared against published literature values, where good agreement is found.
II. METHODS AND FUNDAMENTAL PRINCIPLES
We begin by outlining the principles involved in using microcantilevers in rheological measurements, and discuss the theoretical model ͓Sader ͑1998͔͒ used to determine the density and viscosity from the measured frequency response. A schematic depiction of the principles of the technique is given in Fig. 1 .
A. Theoretical model
In this model, the microcantilever is assumed to have a uniform cross section over its entire length, and its length greatly exceeds its width. For a cantilever beam of rectangular cross section, it is also assumed that the width greatly exceeds the thickness of the cantilever. These assumptions are satisfied by many microcantilevers found in practice.
It has been established that the frequency response of a cantilever beam is well approximated by that of a simple harmonic oscillator, when the quality factor Q greatly exceeds unity. That is, in the neighborhood of each resonant peak, the amplitude frequency response A() is given by
where A 0 is the zero-frequency amplitude of the response, is the radial frequency, R is the radial resonant frequency of the mode in question ͑in the absence of dissipative effects͒, and Q is the quality factor. We emphasize that, in general, R does not correspond to the frequency at which the peak in the resonance occurs. The frequency R shall, henceforth, be referred to simply as the resonant frequency. The respective formulas for R and Q are
where ⌫ r and ⌫ i are, respectively, the real and imaginary components of a hydrodynamic function ⌫(), vac is the resonant frequency of the cantilever in vacuum for the mode in question, b is the width of the cantilever, is the density of the fluid, and is the mass per unit length of the cantilever; for a rectangular cantilever ϭ c bh, where c is the density of the cantilever and h its thickness. The hydrodynamic function ⌫() is detailed by Sader ͑1998͒ and depends on the geometry of the cross section of the cantilever and the viscosity and density of the fluid only. For a rectangular cross section, whose width b greatly exceeds its thickness h, an explicit analytical formula for the hydrodynamic function ⌫() is given in Eq. ͑20͒ of Sader ͑1998͒, and numerical data in Sader et al. ͑1999͒ . For this case, the hydrodynamic function depends only on the width of the cantilever b, and the density and viscosity of the fluid. Note that the accuracy of Eq. ͑2͒ decreases as the mode number increases, and the best accuracy is expected for the fundamental mode. In addition, Chon et al. ͑2000͒ demonstrated that Eqs. ͑1͒ and ͑2͒ describe the shape and position of the resonance peak accurately, provided the frequencies are restricted to the immediate neighborhood of the peak and the quality factor Q Ͼ 1. Consequently, Eqs. ͑1͒ and ͑2͒ can be used to predict the frequency response of cantilevers in gases ͑where Q ӷ 1, typically͒ and liquids ͑where Q Ͼ 1, typically͒, and in turn can be employed to determine the density and viscosity of both gases and liquids. Even so, the complete theory ͓from which Eqs. ͑1͒ and ͑2͒ are derived͔ can be used to determine the density and viscosity, but this is significantly more complex and is, therefore, not examined here.
We now provide details on determining the density and viscosity from the measured frequency response.
B. Calibration of cantilever
The density and viscosity are determined using Eq. ͑2͒, where it is evident that the linear mass density and vacuum frequency vac of the cantilever in question are required. Importantly, if these quantities are unknown, they can be calculated easily from measurements of the resonant frequency R and quality factor Q of the cantilever in a single reference fluid, whose density and viscosity are known, e.g., air. From Eqs. ͑2a͒ and ͑2b͒ we obtain the following explicit and independent formulas for the vacuum frequency and linear mass density:
Substituting the measured resonant frequency R and quality factor Q in the reference fluid into Eq. ͑3͒, then enables the explicit calculation of the vacuum frequency vac and linear mass density for the cantilever in question.
C. Measurement of viscosity and density
To determine the density and viscosity of an unknown fluid, we measure the frequency response of the cantilever in this fluid. Equation ͑1͒ is then fitted to the immediate neighborhood of the resonant peak to determine the parameters R and Q. This is best performed using a nonlinear least-squares-fitting procedure ͑for example, using MATHEMATICA, Wolfram Research Inc., IL͒. The fitted values for R and Q are then substituted into Eq. ͑2͒ and the two simultaneous equations solved numerically, using a root finding procedure such as Newton's method ͓Scheid ͑1968͔͒, to determine the density and viscosity. Given the simplicity of the equations and this procedure, the viscosity and density can be determined very rapidly.
III. EXPERIMENTAL RESULTS
We now examine the utility of the proposed microcantilever technique by presenting measurements on a range of different fluids with known densities and viscosities. A single microcantilever was used throughout to demonstrate the universal applicability of the technique to both gases and liquids. This cantilever was procured from Park Scientific Instruments, Sunnyvale, CA, is made of single-crystal silicon, and has a highly uniform rectangular geometry, with accurately controlled material properties and dimensions. Its length is 397 m, width 29 m, and thickness 2 m, which satisfy the geometric criterion of the theoretical model, described above. This cantilever has no imaging tip, and its vibration properties in fluids were examined in detail by Chon et al. ͑2000͒. This cantilever was chosen to eliminate any possible systematic error that would otherwise result from a nonideal geometry. We also emphasize that complete details of the microcantilever material composition are not needed, since all that is required is its linear mass density and vacuum frequency vac , which can be easily measured using a reference fluid, as was discussed above. Indeed, microcantilevers constructed from composite materials may also be used.
Several different gases and liquids were used to assess the validity and accuracy of the technique: gases: air, CO 2 , Ar, He, H 2 ; liquids: acetone, CCl 4 , water, 1-butanol. Density values of these fluids range from 0.08 to 1590 kg m
Ϫ3
, whereas viscosity values range from 8.8ϫ10 Ϫ6 to 2.5ϫ10 Ϫ3 kg m Ϫ1 s Ϫ1 ͓Weast ͑1985͔͒. Measurements of gas and liquid properties were made in the fluid cell of the AFM, which consists of a white silicone rubber O ring as the cell wall and a lucite cell roof and silicon wafer base. For gas measurements, gas of purity Ͼ 99.9% was bubbled through the cell and then into a water solution, which prevented diffusion of air back into the cell. All measurements were performed at room temperature and pressure. The temperature was monitored using a small type-K thermocouple that was inserted into the fluid cell of the AFM, and was found to be 27°C.
To measure the frequency response in fluids, the motion of the cantilever due to thermal fluctuations was monitored, i.e., the thermal noise spectrum was measured. This ensured that any external effects, such as modification of the cantilever frequency response due to acoustic modes in the fluid cell, were eliminated. Thermal noise spectra were measured using a National Instruments data acquisition card ͑AT-MIO-16E-1 board, National Instruments, Austin, TX͒, carrying out a digital fast Fourier transform of the signal using LABVIEW software ͑National Instruments, Austin, TX͒. Details of this procedure are given by Chon et al. ͑2000͒.
To measure the density and viscosity of the fluid in question, only the fundamental resonance peak was considered, for reasons given above. Equation ͑1͒ was then fitted to the immediate neighborhood of this resonance peak using a nonlinear least-squares-fitting procedure ͑MATHEMATICA, Wolfram Research Inc., IL͒. In line with Chon et al. ͑2000͒, a white-noise floor, i.e., noise with a constant spectral density, was also included to ensure accurate fits. An example of the resulting fit for a sample fluid ͑air͒ is given in Fig. 2 . Note the excellent fit of Eq. ͑1͒ to the experimental data, in the neighborhood of the resonant peak. With R and Q determined, the viscosity and density were then deter-
FIG. 2.
Measured thermal noise amplitude spectrum of microcantilever in air, showing fit ͑solid line͒ to Eq. ͑1͒. The measured fitting parameters, resonant frequency R , and quality factor Q, are also given. Spectrum is normalized so that the peak is at unity. mined using the above procedure. The vacuum frequency and density of the cantilever were also measured using the method described above, using air as the reference fluid, and were found to be 17.48 kHz, and 2325 kg m Ϫ3 , respectively. This measured density of the cantilever compares favorably with the literature value of 2328 kg m Ϫ3 for singlecrystal silicon ͓Weast ͑1985͔͒.
In Table I , the measured densities and viscosities of the five different gases are presented, together with a comparison with published literature values and the measured resonant frequencies R and quality factors Q. Results for air are included only for completeness, since air was used as a reference fluid to determine the vacuum frequency and cantilever density. In all other gases, note the good agreement for both viscosity and density. Even for the lightest gases, helium and hydrogen, where the resonant frequency of the cantilever is very close to the calculated vacuum frequency ͑see Table I͒ , good agreement with published literature values for the density and viscosity is found. We note that any error in the vacuum frequency, which is determined from the resonant frequency in air ͑as detailed above͒, will manifest itself most significantly for these gases. The good agreement observed in these cases illustrates the accuracy of the calibration procedure described above for determining the vacuum frequency and mass density of the cantilever, and the robustness of the procedure.
It is important to note that the viscosity and density of fluids with very similar properties, such as CO 2 and Ar, can be easily distinguished with this technique; measured spectra for these gases are presented in Fig. 3 , and the corresponding measured rheological properties are given in Table I . The reason for this arises from the property that the frequency response, and hence the resonant frequency R and quality factor Q, are determined by combination of the effects of density and viscosity. Hence, only fluids with identical density and viscosity will give the same resonant frequencies R and quality factors Q; a difference in only one of these parameters will affect both the density and viscosity. As an example, consider CO 2 and Ar, which have similar yet significantly different rheological properties. Interestingly, we find that the measured spectra in these two fluids have nearly identical resonant frequencies, yet their quality factors are different, see Table I and Fig. 3 . Given the excellent fit of Eq. ͑1͒ to the experimental data, as illustrated for air in Fig. 2 , the difference in the quality factors between these two fluids is easily resolved. This difference in the quality factors greatly exceeds the accuracy ͑ Ͻ 1%͒ with which it can be measured, and this enables the rheological properties to be distinguished easily, see Table I.   TABLE I . Viscosities and densities of five gases and measured resonant frequencies f R ( ϭ R /2) and quality factors Q, obtained by fitting Eq. ͑1͒ to fundamental resonant peaks. Results using microcantilever ͑MCR͒, and published literature data ͑exact͒ ͓Weast ͑1985͔͒. All values are at a temperature of 27°C. Air was used as the reference fluid to determine the vacuum frequency and mass density of the cantilever, namely, 17.48 kHz and 2325 kg m Ϫ3 , respectively. In Table II , corresponding measurements for four liquids are presented. Again, note the good agreement between the microcantilever results and the published literature values, with errors of less than 14% in all cases. These errors are consistent with the errors in the theoretical model for the frequency response, which were found to be less than approximately 10% ͓Chon et al. ͑2000͔͒. Taken together with the above results for gases, Table I , these results demonstrate that a single microcantilever can be used to measure the density and viscosity of fluids whose values span several orders of magnitude. Furthermore, only single measurements of the frequency response of the cantilever are required, since these are extremely reproducible. Therefore, multiple measurements of the frequency response on a single sample do not influence the accuracy of the density and viscosity.
Gas
We note that similar results and accuracy to those presented in Tables I and II were obtained using a rectangular microcantilever with dimensions 197ϫ29ϫ2 m ͓Chon et al. ͑2000͔͒. However, the accuracy of the theoretical model, and hence the rheological technique, decreases as the ratio of the cantilever length to its width decreases. Thus, cantilevers of high length-to-width aspect ratio should always be used.
FIG. 3.
Measured thermal noise amplitude spectra of microcantilever in Ar and CO 2 . The resonant frequencies and quality factors are given in Table I and are measured to within accuracies of 0.1% and 1%, respectively. Spectra are normalized so that the peaks are at unity. 
IV. DISCUSSION AND CONCLUSIONS
All measurements presented above were performed using the AFM, and the deflections of the microcantilevers were measured using the optical deflection technique. However, there is nothing precluding the use of microcantilevers in isolation from the AFM. All that is required is a detection system to monitor the frequency response of the microcantilevers in fluid. Depending on the detection system used, this would also allow the use of microcantilevers in rheological measurements of opalescent or turbid media. In addition, the microcantilever could be actively excited to eliminate any signal-to-noise problems, as would be the case in monitoring the thermal noise spectrum. The above practically realizable modifications would result in a technique that is applicable to a wide range of media, permitting in situ and rapid monitoring of the rheological properties of fluids.
It should be noted that the model used to extract the fluid density and viscosity from the measured frequency response requires the quality factor Q Ͼ 1. If this is not the case, then the analogy with the response of a simple harmonic oscillator is not valid. This immediately indicates that Eqs. ͑1͒ and ͑2͒ cannot be used in such cases. We have found previously ͓Chon et al. ͑2000͔͒ that for fluid/cantilever combinations where heavy damping is present (Q Ͻ 1), it is impossible to fit the measured spectra to the response of a simple harmonic oscillator. In such cases, the density and viscosity of the fluid cannot be measured using the equations given here. However, this does not place a fundamental restriction on the method, since by using a different cantilever in the same fluid a different quality factor is obtained. Provided this quality factor is larger than unity, the methodology presented here is applicable. Consequently, to fully utilize the capabilities of the microcantilever technique, it would be desirable to use a range of different cantilevers, preferably in a cantilever array configuration. This would enable fluids with a wider range of properties to be measured than those accessible using a single microcantilever, as demonstrated here.
Finally, we note that microcantilevers only probe minute volumes of fluid ͑ Ͻ 1 nL͒. This is because the hydrodynamic length scale of a cantilever vibrating in fluid is dictated by its width and length. Consequently, any fluid at a distance greater than several cantilever widths away from the cantilever does not influence the measurement. This favorable property then allows local and in situ rheological measurements of both gases and liquids, which probe less than 1 nL of fluid, to be performed on large volumes of fluid. Spatially resolved rheological measurements are, therefore, possible using microcantilevers.
These favorable properties are in stark contrast to those of conventional rheological techniques ͓Bird et al. ͑1960͔͒, which probe comparatively large volumes of fluid, are not applicable to both gases and liquids, and are incapable of in situ measurements. Microcantilever rheometry, therefore, provides the exciting possibility for novel rheological measurements on small fluid samples of wide ranging properties.
